Abstract: Using the optically pumped variable stripe length technique we demonstrate that, through calibration of measured spontaneous emission spectra, it is possible to determine the total radiative recombination rate for a gain material as a function of the intrinsic quasi-Fermi level separation. Specifically we compare the room temperature optical characteristics of a self-assembled InP/GaInP quantum dot material measured using both optical and electrical pumping. The comparison reveals good agreement between gain and emission spectra measured with the two techniques, for the same inversion, from which we conclude that the carrier distributions in each case are equivalent. The results demonstrate that the optically pumped experiment can provide a good measure of the overall radiative efficiency.
Introduction
Characterization of the fundamental optical properties such as gain and radiative recombination is essential to develop new laser materials such as nanocrystal quantum dots [1] [2] [3] and organic materials [4] [5] [6] . The optically pumped variable stripe length (OPVSL) method, as described by Shaklee and Leheny in 1971 [7] , gives the optical gain of semiconductor materials through measurement of edge-emitted amplified spontaneous emission (ASE) as a function of excitation stripe length. Cross and Oldham extended the method to include measurement of the material absorption coefficient [8] . Electrically pumped variable stripe length (EPVSL) methods have also been developed that enable the measurement of gain and internal optical loss [9, 10] as well as absorption [10] . The spontaneous recombination rate has also been derived from the electrically pumped variable stripe length experiment [10] . This quantity is critical for the design of laser devices because it determines the intrinsic threshold current for a given optical gain. It also controls LED performance and material radiative efficiency.
A big advantage of optically pumped measurements is that no fabrication is required in order to determine the potential of a material as a laser gain medium; furthermore it can be applied to materials that cannot accommodate electrical contacts e.g. organic and colloidal dot emitters.
In view of these attractions of optical pumping it is important to establish whether optical pumping and electrical pumping are equivalent. For example, it is well known that the electroluminescence spectra of multiple quantum well (MQW) structures can be influenced by poor carrier transport between wells causing non-uniform excitation of the wells [11, 12] in contrast to photoluminescence spectra where all wells are similarly pumped. This affects the efficiency of injection of electrons and holes into each well and dot, and the shape of the spectra. We have chosen a five layer sample for this experiment where such effects may occur.
In this paper we compare gain and emission spectra measured by optical and electrical pumping on adjacent regions of the same gain material using a five layered InP/GaInP quantum dot-in-well wafer. We demonstrate that at the same inversion, as indicated by the transparency energy, both experiments give the same gain and emission spectra. The spectra are consistent with a Fermi-Dirac carrier distribution which enables us to equate the transparency energy with the quasi-Fermi level separation. We also show that spontaneous emission spectra, measured using an optically pumped experiment, can be calibrated, as described in [10] , to allow the radiative recombination rate to be determined in real units. It is therefore possible to analyze data obtained with the optically pumped variable stripe length experiment to measure gain, the radiative recombination rate, and the overall radiative efficiency, as in an electrically pumped experiment. These characteristics can therefore be measured on material systems which cannot be driven electrically. Figure 1 is a schematic diagram of the device structure used to carry out the OPVSL and EPVSL experiments. The active region of the device consists of 5 layers of self-assembled InP dots in 8 nm wide Ga 0.51 In 0.49 P wells each separated by a 16 nm (Al 0.3 Ga 0.7 ) 0.51 In 0.49 P barrier layer within a (Al 0.3 Ga 0.7 )InP/Al 0.51 In 0.49 P core/cladding waveguide. A 50 μm wide oxide isolated metal stripe contact extends along one edge of the upper surface. The contact is patterned into 300 μm long segments with wires bonded to the first two segments to enable independent electrically pumping. A region of semiconductor material alongside the metal contact is left open to enable optical pumping from a continuous wave 532 nm emitting Nd: YVO4 laser. To emulate the electrical pump stripe, the pump laser beam is converted, using beam shaping optics, from a circular spot with a Gaussian intensity distribution, to a variable length 50 µm wide stripe with a quasi top-hat intensity distribution. In both cases, OPVSL and EPVSL, the device is operated in pulsed mode with a low duty cycle of 0.1% in order to avoid self-heating. The ASE emanating from the front facet of the device is focused onto an external slit which spatially removes off axis light. A second lens focuses the paraxial ASE onto the entrance slit of a spectrograph in order to resolve and record the spectral composition of the light. To switch between ASE collected from the optical and electrical pump stripes requires a simple lateral translation of the device.
Experimental method
Assuming that only paraxial light is collected at the spectrograph, the device can be modeled as a one dimensional amplifier and the ASE resulting from a pump stripe of length, l, can be characterized as () ( )
where I spon is the spontaneous emission rate per unit area per unit energy, G and α i are the modal gain and internal optical loss per unit length respectively. C is a calibration factor that accounts for the responsivity of the spectrograph, the measurement system and the proportion of the internal ASE incident at the cleaved facet that is measured externally. With no knowledge of C, ASE is measured in arbitrary units as a function of stripe length and recorded in terms of an extrinsic experimental quantity; current density J for electrical pumping and the optical power density P for optical pumping. Figure 2 (a) shows ASE spectra measured at the maximum optical pump power for various stripe lengths. The net modal gain (G -α i ) and uncalibrated spontaneous emission CI spon can be extracted from these data as the fitting parameters to Eq. (1). It is also assumed when using this simple model that G and I spon do not vary along the length of the pump stripe. In other words, the carrier population is uniform in the pumped region. However, a longitudinally dependent carrier population can arise due to the effects of gain compression [7, 8] and/or due to a non-uniform injection [13] (the gain compression effect [14] , in this context, is often described as "gain saturation", however, we reserve the use of the later term to refer to the saturation of the gain medium in the more literal sense as being caused by the filling of the available electronic states). Because both of these effects can occur at the same time it's possible for one to mask the presence of the other. It is desirable, therefore, to identify a region of the ASE spectrum where the two effects may be resolved.
The ASE intensity data from Fig. 2 (a) are plotted against stripe length in Fig. 2 (b) at two fixed energies; the peak of the stimulated emission spectrum generated with the longest pump stripe (where gain compression effects should be most prevalent) and at the energy where the net modal gain is equal to zero i.e (G -α i ) = 0. At this latter energy Eq. (1) becomes a linear function of stripe length and we interpret the close linear relation between the ASE and stripe length as evidence that the pump laser produces uniform injection over the full length of the stripe. Assuming that the pump power is uniform, deviations from Eq. (1) at other energies can be attributed to gain compression alone. Good agreement between the ASE data and Eq.
(1) at the energy corresponding to the peak of the stimulated emission spectrum therefore indicates that gain compression is absent within the upper power and stripe length limits of the experiment. The data fit produces a modal gain of G = 24 cm −1 corresponding to a gainlength product of 1.44 for the longest pump stripe used in the experiment. This value is below the gain-length product of 5.5 calculated for the onset of gain compression for this material according to [13] .
The results in the following sections have been calculated using a two section analytical approach to the VSL method [10, 15] which, while arguably less precise than results obtained using a greater number of stripe lengths, provides the simplest experimental basis from which to compare optical and electrical pumping methods.
Results and discussion

Modal gain, absorption and internal optical loss
Figure 3(a) shows net modal gain spectra for the TE and TM polarizations measured with the OPVSL and EPVSL methods. In each case the excitation rate has been adjusted to produce the same peak gain. For the electrically pumped experiment, ASE spectra are measured for sections one and two pumped together and section one pumped alone. For the optical experiment, the position and length of the optical pump stripe is adjusted to exactly match the section lengths and configurations used for the electrically pumped experiment. Notwithstanding the poor signal to noise ratio on the low energy side of the TM gain spectra, the data measured with the two pumping techniques are in good agreement over the full range of the measurement for both polarizations, indicating that, for this material, at room temperature, the carrier distributions generated with optical and electrical pumping are equivalent. Moreover, the crossing point of the TE and TM polarizations, which corresponds to the transparency energy for a system in quasi-equilibrium and is equal the quasi Fermi level separation, ΔE F [16] , also agrees well for both forms of pumping. This indicates that by matching the peak gain values the sample has been driven to the same level of inversion and has created the same carrier distribution in each case.
If the internal optical loss, α i , is the same for both polarizations, and if it can be assumed to be constant over the full spectral range of the measurement, then at the transparency energy, where G = 0, any finite losses i.e. negative net modal gain that occurs, can be attributed to α i [16] . From this analysis we obtain a value of α i = (5 ± 2) cm −1 for both the OPVSL and EPVSL methods. Simply adding this value of α i to the measured net modal gain allows the modal gain to be calculated.
The experiment can also be configured to measure the net modal absorption. Evaluating the ASE resulting from two excitation stripes of equal length, l 1 = l 2 = L, where l 1 is aligned to the sample facet and l 2 is offset from this position a distance L along the stripe axis, with Eq. (1), produces a analytical expression for the net modal absorption:
1 ln
This configuration is achieved in the EPVSL experiment by pumping section one alone and section two alone, with section one grounded. For the OPVSL experiment the excitation stripe is adjusted to match the configuration used in the electrical experiment. Figure 3(b) shows TE polarized net modal absorption spectra measured for various optical pump powers. The net modal absorption measured with the EPVSL experiment is shown alongside for comparison. The absorption spectra measured using the OPVSL method appear smaller in magnitude when compared to that measured for electrical pumping. Furthermore, the absorption tends to decrease as the optical pump power increases. These results highlight a key difference between the two experiments and a major limitation of the OPVSL method for measuring absorption. In the optically pumped experiment the unpumped "absorber" section is electrically floating during the measurement. Electron-hole pairs generated by the light absorbed from the guided optical mode cannot escape and result in population of some of the dot states by the carriers. The number of empty states available for absorption is therefore reduced, which in turn manifests as a reduction in the magnitude of the absorption coefficient measured. When the pump rate is increased, the rate of absorption in the absorbing section also goes up, more states are filled and the magnitude of the absorption is reduced even more. In the EPVSL experiment the grounded absorber section provides an external current path by which excited carriers can escape, preventing the population of the dot states. Consequently, the absorption measured is largely independent of pump power.
The net modal absorption can be converted to modal absorption by subtracting the internal optical loss. The α i value derived from gain spectra above can be used for this purpose or, alternatively, finite absorption measured at energies below the band edge of the material can be attributed to internal optical loss [10] . With this analysis we obtain a value of α i = 5 ± 2 cm −1 for both the OPVSL and EPVSL data which is in agreement with the value taken from the transparency point quoted above.
Calibration of the spontaneous emission
Spontaneous emission spectra can also be calculated with Eq. (1) from the same ASE data that was used to produce the net modal gain spectra. The quantity measured in this case is the uncalibrated spontaneous emission, CI spon . The true spontaneous emission can be calculated in real units if the calibration factor, C, for the experimental set up is determined. Following the method described in [10] , C can be found for a specific polarization from the ratio of the modal gain to the measured spontaneous emission:
where w mod is the transverse optical mode width, determined from a calculation using structural parameters and refractive indices determined by the nominal layer compositions. This calculation has been validated by comparison of the calculated nearfield with the inverse Fourier transform of the experimentally measured farfield. n is the effective refractive index of the waveguide and P f is a population inversion factor defined in terms of the occupation probability functions, f 1 and f 2 , for the upper and lower states participating in a transition at photon energy (ħω):
If a transition energy can be identified where P f = 1, then explicit knowledge of f 1 and f 2 is not necessary in order to determine C from Eq. (3). Indeed, this condition corresponds to an energy for which the gain to spontaneous emission ratio takes a maximum value and saturates with respect to increasing current. This situation typically occurs first at low photon energies. However, if the system is in thermal equilibrium and f 1 and f 2 can be described using FermiDirac distributions, Eq. (4) can be expressed in analytical form in terms of the photon energy, temperature and quasi-Fermi level separation ( )
With the population inversion factor in this form, a more accurate value of C can be found by fitting Eq. (3) to the experimental gain to spontaneous emission ratio data over a range of photon energies. Figure 4 (a) shows data for this ratio measured for various optical pump powers. Fig. 4 . (a) Gain to spontaneous emission ratio spectra measured for the TE polarization at various optical pump powers each fitted using Eq. (3) with P f in the form of Eq. (5) (continuous lines). (b) Calibrated spontaneous emission spectra for the TE and TM polarizations measured using the OPVSL method (black triangles) and the EPVSL method (red squares).
Equation (3) is a good fit to this data, which suggests that the carrier population generated with optical pumping has a thermal distribution. A temperature of 335 K was required for this fit and it has been shown that the difference between the temperature obtained from the emission spectrum and the actual temperature of the carrier distribution can be explained by homogeneous broadening which spreads the emission spectrum in energy [17] .
Calibrated spontaneous emission spectra are plotted in Fig. 4(b) for the TE and TM polarization for both optically and electrically pumped experiments. The calibration factors derived for the two experiments, using the process described above, were found to agree within experimental errors. As with the net modal gain spectra in Fig. 3(a) , the spontaneous emission data are in good agreement for the two experiments providing further evidence that the carrier distributions generated by the two different pumping mechanisms are indeed equivalent.
Radiative recombination current and radiative efficiency
The total radiative recombination current density, J spon , can be calculated for both the optical and electrical experiments by integrating the spontaneous emission spectra over the range of emission from the dots, adding the rates for the TE and TM polarizations to give the total emission rate R spon , and multiplying by the electronic charge. For the spontaneous emission curves presented in Fig. 4(b) , measured at the same quasi-Fermi level separation, we obtain values of J spon = (201 ± 8) A cm −2 for the EPVSL data and J spon = (209 ± 49) A cm −2 for the OPVSL data.
The efficiency with which injected electrons are converted to emitted photons inside the dots can be defined as the ratio of the radiative recombination current to the external current, J. This overall radiative efficiency, η 0 , is made up of the fraction of current which enters the dot system, the injection efficiency, η inj , and the internal radiative quantum efficiency of the dots, η int : η 0 = η inj η int . The injection efficiency is influenced by the electron and hole distributions through the structure, carrier leakage, and recombination in the barriers and wells, whereas the internal efficiency of the dots is the ratio of their radiative to total recombination rates. From the data in Fig. 4(b) we obtain an overall radiative efficiency for the electrically pumped InP quantum dot material of η 0(elec) = (46 ± 2)%.
An analogous quantity can also be defined for the conversion efficiency of an optically pumped device as the ratio of the emission rate from the dots to the generation rate of electron-hole pairs by the pump light, η 0 = R spon /G e-h . The generation rate is calculated by multiplying the externally measured pump power density, P, by the absorption efficiency, η abs , which accounts for the fraction of the pump photons that are absorbed within the epitaxially grown layers of the device:
where E ph is the energy of the pump photons. A value for the absorption efficiency of the InP dot material has been estimated using a transfer matrix model [14] to calculate the composite reflectance, R, and transmittance, T, coefficients for the multi-layered thin film structure based on the complex refractive index values and thicknesses of the cladding, core, dot-inwell and barrier layers. Defining the absorption efficiency to be η abs = 1 -(T + R) we obtain a value of η abs = 0.65 for the InP dot material at the pump laser wavelength for R = 0.35 and T = 5x10 −6 . Using this value in Eq. (7) along with the OPVSL R spon data in Fig. 4(b) , we calculate the radiative efficiency of the optical pumped InP quantum dot material to be η 0(opt) = (41 ± 6)%.
The overall electrical and optical efficiencies agree within the experimental errors. For similar injected carrier densities the internal radiative quantum efficiency of the dot system should be the same for both pumping methods, however, we do expect differences in the injection efficiency. For example, the electrical current injects electrons and holes from opposite sides of the dot structure and their concentrations in each dot layer may not be equal whereas optical pumping generates electron-hole pairs. Our results suggest that the overall injection efficiencies of the two methods are similar, and, though the optically injected current is not measured directly, the optically pumped experiment appears to be a good predictor of efficiency in electrically pumped devices.
Conclusions
We have demonstrated a calibration technique that enables a radiative recombination rate to be determined for optical media using an optically pumped variable stripe length technique. By comparing the gain and emission spectra of a self-assembled InP/GaInP quantum dot material as measured with optical and electrical pumping, we find that the carrier distributions generated in each case are equivalent and in thermal equilibrium. Furthermore, the results of the comparison demonstrate that the optically pumped experiment can be a good predictor of efficiency in electrically pumped devices. We also observe an apparent reduction in the magnitude of the absorption spectra when measured with optical pumping caused by the saturation of absorbing states.
